remain intertangled and fail to separate. This has been After termination of replication, sister strands remain attributed to persisting catenation between sister chrotopologically linked to each other by catenation, and matids which condensation may help to resolve, althis could in principle provide cohesion between sister though no direct evidence for this has so far been obpairs until segregation during anaphase (Murray and tained. Szostak, 1985) . The activity of topoisomerase II, responWhen staining for a nucleolar antigen after TEV protease-induced cohesin cleavage it came to our surprise that, in contrast to the bulk of DNA, the nucleolus did
not efficiently segregate (Sullivan and Uhlmann, 2003).
We now show that cohesin cleavage is not sufficient to allow segregation of the rDNA array on the long arm of chromosome XII, on which the nucleolus is assembled. We find that the rDNA in metaphase is less condensed than most other sequences and that this correlates with persisting catenation at this locus. The rDNA fully condenses and disentangles only during anaphase when the Cdc14 phosphatase is activated. Condensation and resolution of the rDNA during anaphase both depend on condensin, but are distinct as only the former depends on aurora B kinase.
Results

Cohesin Cleavage Is Not Sufficient for rDNA Segregation
We have analyzed the contribution of separase activation and cohesin cleavage to mitotic progression in budding yeast. Cells were arrested in metaphase by depletion of Cdc20, an essential activator of the anaphase-promoting complex (APC), and separase expression was induced from the galactose-inducible GAL1 promoter. This triggered segregation of the URA3 locus on chromosome V, and binucleate formation, as described ( whether the rDNA segregated after TEV protease inThe rDNA is a heterochromatic locus that undergoes frequent recombination events, thought to be initiated duced cohesin cleavage, we performed fluorescence in situ hybridization (FISH) to visualize the locus. The rDNA at replication fork barriers in each repeat. To test whether any of these properties of the locus was the segregated with daughter nuclei, stained with 4,6-diamidino-2-phenylindole (DAPI), in cells expressing separcause for cohesin-independent cohesion we deleted the genes encoding Sir2, an essential component of heteroase ( Figure 1B) . It failed to segregate and remained in one mass between nuclei in cells expressing TEV protechromatin, Fob1 that maintains the replication fork barrier, and Rad52 required for homologous recombination. ase. This suggests that cohesin cleavage is not sufficient to resolve sister chromatid cohesion at the rDNA. The None of these alleviated cohesin-independent rDNA cohesion (data not shown). Further, the repetitive nature rDNA stains poorly with DAPI, which explains why its segregation failure after TEV protease expression has of the rDNA is not likely the sole reason for cohesion as repetitive telomeric sequences separate efficiently in not been noted previously.
The above result might be explained if TEV protease response to TEV-protease induced cohesin cleavage (Figure 2 Figure 1C ). We also depleted Scc1 under gation defects have been reported in cdc14-1 mutant control of the repressed GAL1 promoter in G1 arrested cells (Granot and Snyder, 1991), and we confirmed by cells (Uhlmann and Nasmyth, 1998). These cells were FISH that indeed the rDNA failed to segregate in cdc14-1 then passed through a cell cycle in the complete abmutant cells arrested in telophase at the restrictive temsence of cohesin and arrested in metaphase by a temperature ( Figure 3A ). The Cdc14-1 mutant protein is reperature-sensitive APC mutation (Zachariae et al., 1996). leased from nucleoli similarly to wild-type Cdc14 Sister chromatid segregation is largely random after S (Jaspersen and Morgan, 2000) suggesting not the rephase without cohesin, and the URA3 locus correctly lease, but the activity of released Cdc14 is important segregated in one third of cells. In none of the cells did for nucleolar segregation. the nucleolus segregate ( Figure 1D ). This suggests that
We therefore asked whether Cdc14 activation tothe rDNA is linked in metaphase by a form of cohesion gether with cohesin cleavage was sufficient to allow that is independent of the cohesin complex. rDNA lost its loop structure and instead formed decondensed "puffs,"' as reported (Guacci et al., 1997) . In contrast, Cdc14-induced rDNA lines remained stable Cdc14 Induces Condensation of the rDNA Array after shift to 37ЊC, indicating they are maintained indeWe next investigated how Cdc14 affects the rDNA to pendently of cohesin. This is consistent with the idea promote segregation during anaphase. We noticed that that Cdc14-dependent rDNA condensation normally ocexpression of Cdc14 caused striking changes to the curs during anaphase after cohesin is destroyed. morphology of the rDNA. In metaphase cells, the rDNA
The chromosomal condensin complex is essential for visualized by FISH takes the shape of long "loop" strucmost if not all aspects of chromosome condensation tures (Guacci et al., 1994 (Guacci et al., , 1997 S4 available on Cell website and Figure 6B ). This suggests that Cdc14-induced condensin action on rDNA The temperature was then raised to inactivate topo II, and cells were released into synchronous anaphase. comprises two aspects. The first is condensin and aurora B-dependent rDNA condensation, leading to overall Nuclear division and segregation of the URA3 locus proceeded apparently undisturbed, indicating that topo IIcompaction of the locus. The second is condensin and topo II-dependent rDNA resolution, which is indepenmediated decatenation was largely complete for much of the genome ( Figure 6A ). In contrast, the nucleolus dent of aurora B kinase and the overall condensation. failed to segregate and remained tightly linked between the divided nuclei. Thus, the requirement for topo II, Complete Chromosome XII Segregation Depends on Aurora B-Dependent rDNA Condensation and therefore most likely sister chromatid decatenation, correlates with condensation of the rDNA. This suggests We addressed whether aurora B-dependent rDNA condensation, even though dispensable for rDNA resoluthat cohesin-independent cohesion at the rDNA is due to catenation that is resolved in a Cdc14-induced contion, played a role in chromosome XII segregation. We noticed that the length of rDNA loops in metaphase densin-dependent step. Condensin and topo II are not Figure 2) , and without significant shortening segregation of this arm would fail. We analyzed whether we kinetochores, we first arrested ipl1-321 or sli15-3 cells in metaphase at the permissive temperature. Aurora B was then inactivated by temperature shift and separase expression induced. As expected, the nucleolus was able to partition in this experiment because aurora B-dependent condensation is not required for rDNA resolution. The GFP-marked REC102 locus distal to the rDNA split, but failed to segregate into opposite cell halves in 11% of binucleate ipl1-321 and 22% of binucleate sli15-3 cells. Incomplete segregation of the REC102 locus was seen in only 1% of wild-type cells. This indicates that aurora B-dependent rDNA condensation is important for shortening the long arm of chromosome XII sufficiently to allow its efficient segregation during anaphase. precludes its full condensation during metaphase.
Discussion
